ABSTRACT. After RNA extraction from horsehair shafts and roots, the mRNAs of β-actin, muscle-type phosphofructokinase, and transforming growth factor-β1 were detected by reverse transcription polymerase chain reaction assay. Low amounts of RNA were present in the horsehair. These specific mRNA transcripts were readily detected when more than three hair roots were used. However, detection of the mRNA transcripts was difficult in the hair shaft. These findings indicate that the small amounts of residual RNA in horsehair roots can be utilized as samples for molecular biological analysis. KEY WORDS: horsehair, RNA extraction, RT-PCR.
Nucleic acids are routinely extracted from hair fibers in forensic science for genetic analysis [1, 15, 18, 20, 21, 26] and in conservation biology for investigation of population structure and molecular evolution [5, 10, 14, 29, 35] . Methods for extracting DNA from hair fibers have been extensively studied [2, 11, 13, 27, 37, 39] . Recently, a single-step method for RNA extraction based on acid guanidinium thiocyanate-phenol-chloroform extraction was developed, and it has become a prevalent method for extracting RNA from tissues and cells [4] . This method was used to extract RNA from hair roots for use in gene expression analysis of type 2 17β-hydroxysteroid dehydrogenase in scalp hairs of women with hirsutism [19] .
Previously, we cloned and sequenced equine muscle-type phosphofructokinase (PFKM) cDNA [25] , which is a key enzyme of the glycolytic pathway in skeletal muscle [6, 7] . Exercise training has been reported to induce an increase in muscle glycolytic enzyme activities, and some of these enzymes are regulated at the transcriptional level [17, 36, 40] . Although, skeletal muscle biopsy specimens are necessary for understanding the expression level of glycolytic enzymes, it is difficult to routinely obtain the muscle biopsy specimens from expensive and large animals, such as thoroughbred race horses.
It is known that various molecules are expressed in the hair follicle, and most of these are involved in hair follicle differentiation and regulation [28] . Is it possible to detect and analyze mRNA, which is indirectly related to hair follicle growth? For collection of samples from multiple populations, it is easier to isolate nucleic acids from hair fibers than from tissues or hemocytes, and the risk of infectious disease is low. In addition, hair plucking as a sampling procedure is noninvasive and it inflicts little stress. The ability to extract RNA from hair fibers would advance genetic studies of rare animals and wildlife species for which it is difficult to collect samples by biopsy or collection of blood. However, there have been no systematic studies examining the effect of hair type, region of origin, or quantity of RNA extraction from hair fibers. Consequently, extraction of RNA from hair fibers has not been established as a routine laboratory procedure. We believed that examination of RNA extraction from horsehair could assist in application to other animals. The aims of this study were to examine the conditions required for successful mRNA detection using reverse transcription polymerase chain reaction (RT-PCR) in RNA extracted from hair fibers.
To demonstrate the presence of mRNA in hair fibers, we attempted to detect the mRNAs of β-actin, PFKM, and transforming growth factor-β1 (TGF-β1). Since β-actin is ubiquitously expressed as a cytoskeletal protein [33, 34] , we utilized its mRNA as a comparison subject for the expression level of each gene. Phosphofructokinase, one of the housekeeping genes belonging to the glycolytic pathway [3, 7, 32] , codes for three isozymes with tissue-specific expression: muscle, liver and platelet types [6] . PFKM is the predominant subunit of the skeletal muscle, heart, and brain, which have their metabolic energy requirements principally met by glycolysis [7, 8, 12] . PFKM expression has not been reported in the hair follicle; however, as this gene is indirectly related to hair follicle growth, we attempted to detect its mRNA in hair fiber. TGF-β1, which is known as a molecular mediator of hair follicle growth, plays a role in catagen induction and blocks anagen induction in vivo and anagen growth in vitro [9, 16, 22, 38, 41] . Therefore, we hypothesized that TGF-β1 mRNA could be easily detected from hair fibers. ISOHAIR (Nippon Gene, Toyama, Japan) and ISOGEN (Nippon Gene) are nucleic acid extraction kits. The ISO-HAIR kit extracts DNA from human hair fibers, and its method of lysing hair fibers utilizes an SDS/proteinase K/ DTT mixture. The ISOGEN kit contained an extraction reagent for retrieving total RNA from cells and tissues utilizing acid guanidinium thiocyanate-phenol-chloroform extraction. In the present paper, we describe in our findings that it was possible to extract RNA from equine mane and tail hair using a combination of the ISOHAIR and ISOGEN kits; we used RT-PCR to confirm whether mRNA was present in the extracted RNA of the hair fiber.
Hair samples were plucked from 20 equine manes and tails. Approximately 1 cm of the hair root and approximately 6 cm of the hair shaft were used as sources for RNA extraction. The hair was cut into 5 mm pieces. These pieces of hair were washed with absolute ethanol in a sterile tube, and then digested with the extraction buffer, enzyme solution, and lysis solution from the ISOHAIR kit. The procedures were performed according to the manufacturer's instructions. As previously reported, RNA has been extracted from plucked human hair after homogenization of the hair in phenol-guanidine isothiocyanate [19] . In this study, however, the plucked hair was digested in an SDS/ proteinase K/DTT mixture. This lysis method can be used to simultaneously extract hair samples from multiple populations without the need for onerous washing of the homogenizer shaft between samples.
RNA was purified from the hair lysate with the ISOGEN kit according to manufacturer's instructions with the following modifications. We first added 200 µl of ISOGEN reagent into the hair lysate, mixed the contents thoroughly by inversion, and then allowed the mixture to stand for 5 min at room temperature, after which 40 µl of chloroform was added. The subsequent processes for RNA purification were performed according to manufacturer's instructions. The extracted RNA was DNase I-digested using a commercial kit (DNA-free TM Kit; Ambion, Austin, TX, U.S.A.). The extracted RNA was then quantified using a RiboGreen Of the 20 µl of extracted RNA solution that had been DNase I-digested, 6 µl was used for synthesis of first strand cDNA.
First strand cDNA was transcribed with H Minus M-MuLV Reverse Transcriptase (RT, MBI Fermentas, Vilnius, Lithuania) and oligo (dT) 17 primer. To detect mRNA using RT-PCR, several primer sets were designed based on information from GenBank database sequences. Using primer pairs designed to span exon-exon boundaries, the cDNA sequences of β-actin 1 min) , annealing (56 to 64°C, 1 min) and extension (72°C, 40 to 60 sec). The annealing temperature and extension time were optimized for each primer set. One microliter of each PCR product was electrophoresed on a 1.5% (w/v) agarose gel and visualized with ethidium bromide under UV light. To confirm the DNA sequences of amplified fragments, the RT-PCR products were directly sequenced using a BigDye ® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, U.S.A.) and the primers described above on an ABI PRISM ® 3100 Genetic Analyzer (Applied Biosystems). This study describes the method for extracting RNA from equine mane and tail hair and the detection of mRNA in hair fiber using RT-PCR. The results of RNA extraction for a single mane were 0.29 ± 0.37 ng RNA/6 cm hair shaft and 1.11 ± 1.40 ng RNA/1 cm hair root (mean ± standard deviation, n=20 for each). For a single tail hair, the results were 4.97 ± 5.03 ng RNA/6 cm hair shaft and 4.70 ± 5.09 ng RNA/1 cm hair root (mean ± standard deviation, n=20 for each).
The amounts of extracted RNA from the hair shafts and roots of tail hairs were significantly greater than the corresponding segments of the mane hair (student's t test, p<0.05, n=20). The results of the present study suggest that the difference in the amount of extracted nucleic acids is due to the (lanes 4-6, fragment 362 bp), and TGF-β1 (lanes 7-9, fragment 339 bp) primers, electrophoresed in agarose gel, and stained with ethidium bromide. Lanes 1, 4, and 7: three mane hair roots; Lanes 2, 5, and 8: three tail hair roots; Lanes 3, 6, and 9: a single tail hair shaft; Lane 10: extraction blank; and Lane11: PCR blank. thickness of the hair fiber or the number of cells adhered to the hair root as reported in previous studies [11, 24, 31] . In fact, we have observed that the hair from the mane was thinner than that from the tail. During the catagen phase of the hair cycle, a decrease in melanogenic melanocytes occurs in hair follicles by apoptosis [30] . Therefore, it is predicted that hair fibers plucked during the catagen phase have a small number of adhered cells within the hair root. The RNA yield depends on the tissue or cell source, but it is generally in the range of 4-7 µg/mg of starting tissue or 5-10 µg/10 6 cells when using the acid guanidium thiocyanatephenol-chloroform extraction method [23] . In the present study, we performed extraction of RNA from approximately < 0.3 mg of hair root or < 2.2 mg of hair shaft. Previous results suggest that too little RNA is present in hair fiber. However, the extracted amount was sufficient for performing RT-PCR.
RNA extracted from hair fiber was detected using RT-PCR with primers specific to the mRNAs of β-actin, PFKM, and TGF-β1. Representative RT-PCR products are shown in Fig. 1 , and the rate of detection for each RT-PCR product from varying numbers of hair fibers are shown in Table 1 .
β-actin was detected in a single hair root of both mane and tail hair. Although PFKM mRNA was not detected in any single hair root, it was detectable from a pooled sample containing three tail hair roots. These results suggest that particularly small amounts of mRNA could be detected by increasing the number of hair fibers used in analysis. TGF-β1 mRNA was detectable not only in most root samples of single mane and tail hairs, but also in a few shaft samples. TGF-β1 is expressed in each of the following: the developing follicle, and the inner root sheath, outer root sheath, and connective tissue sheath of the mature follicle [9, 16, 38, 41] . Therefore, TGF-β1 mRNA should easily be detected in single hair roots because of its high expression. It is interesting to note that TGF-β1 mRNA was still detectable, although at a very low rate, in the hair shaft. Because the hair shaft is comprised of completely keratinized cells, no gene expression should be observed in the hair shafts. Therefore, we propose that TGF-β1 mRNA remains in hair shaft without degradation. In this study, we took sufficient care to avoid contamination by using RT-PCR to detect mRNA. There was no evidence of contamination in any of the PCR or extraction blanks. However, it is difficult to completely eliminate the possibility of false positive results when carrying out experiments utilizing remarkably sensitive method such as RT-PCR. Since a very low rate of detection was observed for TGF-β1 mRNA in the hair shaft, there is still a possibility of false positive results. The sequences of each RT-PCR product were confirmed against the corresponding sequences registered in the GenBank database (data not shown).
In this study, we demonstrated that RNA could be extracted from horsehair fibers and that the mRNA required for RT-PCR and sequencing analysis was present in the hair root. RNA extracted from hair roots makes detection of mRNA using RT-PCR possible, however, detection of RNA in the hair shaft has been difficult. We detected the mRNA of three functionally distinct genes. This evidence suggests that it is possible to search for unidentified genes in hair roots. The extraction of RNA from horsehair could contribute to the elucidation of pathology of equine dermatoses using gene expression analysis. Furthermore, as the collection of animal hairs is much easier than the collection of blood and tissue samples, the extraction of RNA from hair fibers could be a useful technique in RNA analysis of rare wildlife species as well as horses. These findings not only demonstrate hair fibers to be a newly accessible sample type from which RNA can be extracted, but also provide new information on the biological composition of hair. 
